We present new spectra of the leading and trailing hemispheres of Iapetus from 2.4 to 3.8 µm. We have combined the leading hemisphere spectra with previous observations by others to construct a composite spectrum of the dark side (leading) hemisphere from 0.3 to 3.8 µm. We review attempts to deduce the composition of the dark material from previously available spectrophotometry. None of them (numbering more than 20 million!) leads to a synthetic spectrum that matches the new data. An intimate mixture of water ice, amorphous carbon, and a nitrogen-rich organic compound 1 Guest observer, UKIRT. (modeled here as Triton tholin) can fit the entire composite dark side spectrum. Observations in this spectral region have not revealed this mix of material on any other object observed thus far. We propose that this dark material may have originated on Titan, where atmospheric photochemistry has been producing nitrogen-rich organic compounds for 4.5 GY.
INTRODUCTION
Despite numerous Earth-based investigations and two Voyager flybys, the composition and origin of the dark material coating the leading hemisphere of Iapetus remain unknown. Cassini (1673) described the basic problem after his discovery of this enigmatic satellite of Saturn in 1671: ". . .one part of [Iapetus'] surface is not so capable of reflecting to us the light of the Sun which maketh it visible, as the other part is. . .." Indeed it isn't. Analysis of Voyager images by Squyres et al. (1984) revealed that the extreme difference in visible reflectivity between the two hemispheres amounts to a factor between 10 and 20, by far the largest such asymmetry in the solar system. This extreme difference in the reflectivity of the two hemispheres is also illustrated by the difference in their thermal radiation. The observed 20-µm flux from Iapetus reaches a maximum when the satellite is visibly faintest (eastern elongation), and has its minimum when Iapetus is at its brightest (western elongation) (Morrison et al. 1975) .
How did this happen? Why only on Iapetus? And what is the dark material that makes the leading hemisphere ". . .not so capable of reflecting to us the light of the sun. . ."? Is it similar to any of the dark coatings on other small bodies in the outer Solar System or is it unique to Iapetus?
Previous investigations have attempted to discriminate between internal and external mechanisms for forming this dark covering. On the basis of a new analysis of Voyager images, Buratti and Mosher (1995) have convincingly argued in favor of an external process, but there are still many possibilities: e.g., deposition of dust from Phoebe (Soter, Brightness of Iapetus, 1983; Cruikshank et al. 1983 , Hamilton 1997 , Jarvis et al. 2000 as well as erosion by Phoebe dust, which could leave a lag deposit of organics mixed with hydrated silicates (Bell et al. 1985) or reveal an underlying layer of extruded organics Sagan 1995, 1996) . Or perhaps it is not Phoebe dust but interplanetary dust that is the eroding agent (Cook and Franklin 1970, Wilson and Sagan 1996) . Among suggested components and compositions for the dark coating, we can mention a hydrated silicate mineral mixed with a small amount of water frost, darkened by an admixture of carbonaceous matter (Lebofsky et al. 1982) , simulated meteoritic organic polymers ("ultra-carbonaceous" material) mixed with hydrated silicates (Bell et al. 1985) , organic polymers containing -C≡N (Cruikshank et al. 1991) , Murchison meteorite residue (acid insoluble), water ice and poly-HCN (Wilson and Sagan 1995) , and hydrated silicates that contain iron alteration minerals, mixed with organics and ice (Vilas et al. 1996) . Vilas et al. (1996) based their suggestion of the presence of iron alteration minerals on the discovery of a discrete absorption feature at 0.67 µm in the dark side spectrum that they attributed to the 6 A 1 → 4 T 2 (G) Fe 3+ charge transfer transition. They recognized that these minerals could be only one component of the coating material and confirmed the sharp rise in reflectance with wavelength in the visible range that is characteristic of many dark organic compounds. What are these compounds? Wilson and Sagan (1995) reported that they examined approximately 20 million possible combinations of six plausible components, including poly-HCN, to obtain the best fit to the Bell et al. (1985) spectrum of the Iapetus dark material. Yet they noted that ". . .other mixture types and compositions also produce very good fits. . ." provided that poly-HCN was always included to give the red slope required to match the visible spectrum. They cautioned that ". . .in the absence of spectral features, compositions are being selected based on absorption slopes for which uniqueness [of model fits] cannot be claimed."
In fact there is a very strong absorption feature in the dark side spectrum at 3.0 µm, discovered at low spectral resolution by Lebofsky et al. (1982) , who deduced the composition given above. Wilson and Sagan (1996) did not extend their models to this spectral region, although they did illustrate the wavelength dependence of the absorption coefficients for their model components out to 5 µm.
It is precisely the frustrating lack of diagnostic features in the dark side spectrum and the diagnostic potential of the 2.85-to 4.85-µm region that stimulated the present investigation. During the past 5 years, we have used the cooled grating spectrometer (CGS4) at the United Kingdom infrared telescope (UKIRT) to obtain spectra of the Iapetus dark side with higher spectral resolution and signal to noise than has been possible heretofore. Our goal has been to find and identify discrete absorptions in the spectrum in order to explain the dark, reddish organic material that appears to be an essential component of all models suggested to date. We also hoped to be able to say something useful about the other components that various authors have suggested.
OBSERVATIONS
The first step in our investigation was to record the dark side spectrum in the region 2.0-2.5 µm to test for the presence of an absorption at 2.2 µm reported by Cruikshank et al. (1991) . It was this absorption that led these authors to the original suggestion that poly-HCN or some other -C≡N-containing compound is a major contributor to the dark side material. Cruikshank et al. (1991) showed that a 2.2-µm absorption is found in laboratory reflection spectra of poly-HCN and some organic compounds known as "tholins," which are produced by the irradiation of mixtures of N 2 and CH 4 . They attributed this feature to the first overtone of the -C≡N stretching vibration that occurs near 4.6 µm.
However, we found no evidence of the 2.2-µm absorption in the CGS4 spectra of the dark side of Iapetus (Owen et al. 1995) . This absorption is also absent in newly recorded spectra of five of the other objects listed as carriers of this feature by Cruikshank et al. (1991) : four asteroids and the rings of Uranus (Luu et al. 1994 , Barucci et al. 1994 , Dumas et al. 1998 . The two comet nuclei in the list of objects studied by Cruikshank et al. (1991) cannot be reobserved in the foreseeable future. The cited references include studies of many other dark asteroids in this same spectral region, again with no evidence of any diagnostic absorptions, with the sole exception of 5145 Pholus, whose spectrum was recently interpreted by Cruikshank et al. (1998a) . (The 2.27-µm feature in the spectrum of Pholus published by Cruikshank et al. is also seen in independently obtained data by Luu et al. [1994] ). While the spectrum of this Centaur contains several absorptions, none of them occurs at 2.2 µm. Evidently the 2.2-µm feature appearing in the spectra collected by Cruikshank et al. (1991) was some type of instrumental artifact that successfully resisted removal during data analysis. Thus the inability of the Wilson and Sagan (1996) models of Iapetus dark side material to reproduce this feature-despite the authors' consistent inclusion of poly-HCN-is not an argument against these models, as Wilson and Sagan (1996) correctly surmised. The next step in our study was to examine the 2.8-to 4.0-µm spectral window where Lebofsky et al. (1982) had found the very strong 3-µm absorption band noted above, which was confirmed by Cruikshank et al. (1983) . This proved to be a difficult undertaking, foiled by 3 years of successive bouts of bad weather and/or instrument problems. We finally succeeded in recording the region covering 2.8-3.4 µm in October 1997, as documented in Table I . We subsequently extended these observations to 3.8 µm and added comparison spectra of the bright side (trailing hemisphere) of Iapetus (Table I) .
New Observations and Data Reduction
Spectra of the leading side of Iapetus were obtained at UKIRT on UT 1997 October 6, approximately one-half day after eastern elongation; those of the trailing side were obtained on 1998 December 18, within a few hours of western elongation. A log of the observations is provided in Table I . For both sets of astronomical observations the 40 lines/mm grating of CGS4 was used in first order with a 1.2" slit (aligned east-west), yielding a resolution of 0.005 µm at all wavelengths. For the purpose of flux calibration and removal of telluric and solar features, spectra of a near-solar analogue star, BS 582 (G2IV, V = 5.88; Te = 5600 and L = 4.30 were assumed), were recorded before and/or after those of Iapetus in order to match the mean airmasses of the star and Iapetus to within a few percentages in each spectral segment. Wavelength calibration was obtained from measurements of argon arc lines in first and second order and is accurate to better than 0.001 µm.
The flux-and wavelength-calibrated spectral segments listed in Table I were then scaled and merged to provide contiguous spectra at eastern and western elongations, the 2.8-to 3.8-µm sections of which are shown in Fig. 1 , smoothed to a resolution of 0.02 µm. Small (<20%) scaling adjustments of the spectra were required in order for the segments to match one another. No adjustments were made for the slightly different Sun-Saturn and Saturn-Earth distances of the two spectra. We estimate that the flux levels of these spectra are accurate to ±20%. Figure 1 reveals that at 3-4 µm the leading hemisphere, or "dark side" is brighter than the trailing hemisphere by factors ranging from ∼1.3 to ∼5. Both spectra show a strong absorption around 3.0 µm, a rise to a peak near 3.6 µm, and a decrease at longer wavelengths. Both also show a relative maximum at ∼3.10 µm, which is much less pronounced on the leading hemisphere.
Construction of the Composite Spectrum
To enable a comprehensive analysis of the dark matter on Iapetus, we have combined our new data from the near infrared 2.8-to 3.8-µm region with previous observations at shorter wavelengths to produce the spectrum shown in Fig. 2 , which extends from 0.3 to 3.8 µm.
The spectrum of Iapetus in the region 0.32 to 2.42 µm published by Bell et al. (1985) was produced by combining two data
FIG. 1.
The new spectra of the dark, leading hemisphere (E) and the bright trailing hemisphere (W) of Iapetus in the 2.8-to 3.8-µm region. Note that the leading (E) hemisphere is actually brighter than the trailing (W) hemisphere in this wavelength region, yet its spectrum still shows characteristic features of the ice absorption that makes the trailing (W) hemisphere so dark at these wavelengths.
FIG. 2.
The spectrum of the low-albedo hemisphere of Iapetus, 0.3-3.8 µm. This is a composite of the data obtained by Bell et al. (1985, Fig. 2) (triangles with error bars), the data of Vilas et al. (1996) (continuous line, 0.3-0.9 µm) , and the new data reported here (2.4-3.8 µm). Between 2.5 and 2.8 µm, where strong absorption occurs in the Earth's atmosphere, the spectrum is represented only by a few data points, connected here by a continuous smooth line. The pointto-point scatter in the data (2.4-3.8 µm) gives an indication of the probable errors in the individual data points. The composite spectrum has been scaled to geometric albedo 0.08 at 0.55 µm (See Appendix I).
sets. The first, covering 0.32 to 0.93 µm, was obtained with a set of narrow-band interference filters at the satellite's eastern elongation of 21-22 May 1979 (Cruikshank et al. 1983) . The second data set covered 0.8 to 2.6 µm, and was obtained with two circular-variable interference filters on 11 February 1982 (Bell et al. 1985) . Using a linear mixing model and spectra of the high-albedo hemisphere of Iapetus, Bell et al. (1985) removed from the dark hemisphere spectrum a composition corresponding to the fractional contribution of the high-albedo hemisphere visible at eastern elongation. This produced the final spectrum in their Fig. 5 , which is the reflectance of Iapetus' dark surface unit without polar cap contamination. This spectrum is satisfactorily matched by Voyager photometry in the short wavelength range (Squyres et al. 1984) . More recent data by Vilas et al. (1996) , covering the interval 0.30 to 0.89 µm, included in the spectrum shown in Fig. 2 , are slightly more steeply sloped toward the longer wavelengths than the Bell et al. data, but overall the match is fairly good.
In the present work, we have elected to use the Bell et al. (1985) spectrum of the low-albedo hemisphere without any attempt to remove the water ice signature that might represent contamination from the polar regions (their Fig. 2) . Thus, the spectrum that we have modeled includes H 2 O ice absorption bands at 1.5, 2.0, and 2.4-2.5 µm. In our presentations of those data, we show a continuous line passing through the individual data points in Fig. 2 of Bell et al. (1985) .
The short wavelength limit of the new data reported in this article is 2.4 µm, providing overlap and a scaling interval with the Bell et al. (1985) data. We then scaled the entire spectrum to a geometric albedo 0.08 at wavelength 0.55 µm (see Appendix I), giving us the final geometric albedo plot from 0.3 to 3.8 µm (Fig. 2) .
ANALYSIS OF DARK SIDE SPECTRUM-PREVIOUS WORK
Having confirmed the existence of the strong 3-µm absorption and characterized it in more detail, we will begin our analysis by considering some of the specific proposals for individual components of the dark side material made by previous investigators.
HCN Polymers
We first consider the possible role of HCN polymer. This substance was an essential component in all of the models judged acceptable by Wilson and Sagan (1996) , because it provided the steep red slope of the dark side spectrum observed at visible wavelengths. This red slope is illustrated in Fig. 3 , which compares the albedo of the dark side with asteroids of classes C, P, and D, from 0.45 to 2.3 µm. As other authors have noted, the dark side of Iapetus has a higher reflectivity at these wavelengths (it is redder) than any of these asteroids Smith 1985, Bell et al. 1985) . Yet the red slope is not as steep as that of the Centaur 5145 Pholus (Fink et al. 1992) .
Our observations do not extend to the 4-to 5-µm region singled out by Wilson and Sapan (1995) as offering the opportunity for a definitive identification of HCN polymer from the -C≡N vibration fundamental near 4.6 µm. But we do cover the 3.0-to 3.8-µm region, where this compound contributes a broad absorption to the spectrum.
The presence of the well-known ice absorptions at 1.5 and 2.0 µm in our composite spectrum ( Fig. 2) signal that the deep absorption at 3 µm must contain a significant contribution from water ice. We attempted to fit this band with the "best-fit" model parameters of Wilson and Sagan (1995) (7.9-µm grains consisting of 30% poly-HCN, 55% H 2 O ice, and 15% bulk Murchison meteorite) using approximately the same mixing method they
FIG. 3.
A schematic representation of the spectral properties of low-albedo asteroids of the C, P, and D types (normalized to geometric albedo 0.05 at 0.55 µm) and those of the low-albedo hemisphere of Iapetus (normalized to geometric albedo 0.08 at 0.55 µm). The spectra of the asteroids exhibit a range of colors as indicated by the shaded region for each class. At visual wavelengths even the dark side of Iapetus is generally brighter than those asteroids, and it has a reddish color similar to that of the D-class asteroids.
FIG. 4.
The preferred model of the low-albedo hemisphere spectrum (dark material only) by Wilson and Sagan (1996) , recalculated by us (as described in Appendix II) and compared to our new composite spectrum. The components used here in their Hapke scattering model are poly-HCN (an industrial HCN polymer), H 2 O ice (from Warren 1984) , and an acid-insoluble organic extract from the Murchison meteorite; the grain size of the composite material is 7.9 µm. Note that our composite spectrum exhibits more ice absorption, while Wilson and Sagan (1996) were matching the ice-free dark material spectrum produced by Bell et al. (1985) . While the Wilson-Sagan model fits the spectrum below 2.5 µm quite well, it fails beyond 3.3 µm owing to the absorption of poly-HCN in this region.
employed-a linear combination of optical constants (Appendix II). We agree with the Wilson-Sagan model to within ±10% over the same range of wavelengths they considered (0.3-2.5 µm), but this combination of surface materials fails to reproduce the shape of the 3.0-µm feature, as anticipated from simple inspection of the wavelength dependence of the optical constants (Fig. 4 of Wilson and Sagan 1995) . With 30% poly-HCN in the mixture, the resulting spectrum is too dark at 3.5 µm by nearly a factor of 2 compared with our observations (Fig. 4) . We conclude that:
A. poly-HCN cannot be the reddening agent in the Iapetus dark material, because it would contribute too much absorption from 3.0 to 3.8 µm. While some smaller amount of poly-HCN may be present, there is no reason to include it. Some other substance that has a steep red slope in visible light but does not absorb at 3.5 µm would provide a better spectral analogue.
Hydrated Silicates
This component was originally introduced by Veeder and Matson (1980) to explain broad band 1.6-and 2.2-µm photometry of the dark side of Iapetus and was subsequently invoked by Lebofsky et al. (1982) as a contributor to the strong 3.0-µm absorption. However, the latter authors noted that they had to add water frost to their areal mixture of water ice at the dark side poles (∼10% of projected area) and the Murchison bulk material they used to make up the dark coating, in order to achieve sufficient depth of the 3.0-µm feature. Vilas et al. (1996) also attributed the 3.0-µm feature to hydrated silicates, which they thought would include the aqueously altered iron minerals they proposed (see below). In retrospect, the original invocation of this component appears to stem from the attribution of the low 3-µm albedo of 1 Ceres to the presence of hydrated silicates on that dark, G-type asteroid (Lebofsky 1978) . Subsequent observations have documented the presence of hydrated silicates on most C-class asteroids, while the outermost P-and D-class asteroids appear to be anhydrous (Scott et al. 1989) . Sagan (1995, 1996) emphasized that they did not need hydrated silicates to obtain their best fits to the 0.3-to 2.5-µm spectrum of Bell et al. (1985) , and we find that this conclusion applies to the 2.8-to 3.8-µm region as well.
Inspection of Fig. 1 reveals a small relative maximum at ∼3.1 µm in the strong absorption occurring in both the bright and the dark side Iapetus spectra. We suggest that this feature represents selective (Fresnel) reflection from the surfaces of ice grains at the wavelength maximum of the H 2 O ice absorption. The relative maximum is present in spectra of Saturn's rings (Puetter and Russell 1977) and the iciest regions of Europa and Callisto (McCord et al. 1999, Hansen and McCord 2000) . It is absent from spectra of ice-free regions on Callisto, where the presence of hydrated silicates has been invoked (e.g., Roush et al. 1990 , Calvin et al. 1995 , McCord et al. 1999 .
In fact, the relative maximum at 3.1 µm is not present in spectra of hydrated silicates. This is illustrated in Fig. 5 , which shows the laboratory spectra of water ice, hydrated silicates, and their intimate mixtures. All of these data were obtained with sample temperatures near 80 K (Roush et al. 1990 ). Spectra of both coarse and fine-grained water ice exhibit a reflectance peak near 3.12 µm, whereas spectra of montmorillonite and a palagonite do not. When these two components are mixed with water ice at the level of 5% by weight, the Fresnel peak is only weakly influenced, but at 10 wt% contaminants the Fresnel peak is virtually eliminated. This illustrates that only modest amounts of contaminants are required to subdue the presence of the Fresnel peak. Hence, we conclude that:
B. While some hydrated silicates may be present on the dark side of Iapetus, e.g., in isolated patches, there is no feature in the spectrum that requires their existence. Vilas et al. (1996) removed a straight line continuum to illustrate more clearly the 0.67-µm band in their Iapetus data. They defined the continuum by fitting a straight line through their data points from approximately 0.48 to 0.88 µm. In order to provide a comparison of the spectra of iron oxides/oxyhydroxides and ferrous sulfates (e.g., Clark et al. 1993) to the Iapetus spectrum we have reverted to a simple comparison of laboratory and Iapetus spectra. The results are shown in Fig. 6 for the 0.35-to 2.5-µm wavelength region. We have attempted to include the range of spectral variation exhibited by the laboratory spectra by reproducing two spectra for each laboratory sample.
Iron-Bearing Minerals

FIG. 5.
Reflectance spectra of granular samples of representative hydrated minerals palagonite (hydrothermally altered or weathered volcanic glass) and montmorillonite (a clay mineral), and water ice, all at temperatures relevant to the surface of Iapetus (∼77 K). The top traces show water ice in both granulated (particles sizes <90 µm) and large-particle (cm-size) form, with a magnified inset showing the region of the Fresnel reflection peak at about 3.12 µm. The second set of traces shows the pure form of the minerals, while the inset shows granulated water ice (solid trace) and the absence of Fresnel peaks in the mineral spectral. The third and fourth traces show mixtures of water ice and the minerals in the proportions indicated. The effect of ≥10% mineral in an intimate mixture with H 2 O ice is to suppress the Fresnel peak.
FIG. 6.
Laboratory spectra of iron oxides/oxyhydroxides (top two pairs of curves: hematite and goethite) and an iron-bearing sulfate (the pair of curves, second from bottom, jarosite) compared with the Iapetus data of Bell et al. (1985;  points with errors), and Vilas et al. (1996, solid line) . The insert at lower right is a magnified version of the boxed region of the Iapetus spectrum. The pairs (dotted and solid) of laboratory spectra illustrate the extremes of spectral behavior for each material. The vertical line at 0.67 µm corresponds to the wavelength where Vilas et al. (1996) identified a band in the Iapetus spectrum. The vertical line at 0.9 µm corresponds to the general region where an additional ferrous iron band should occur, as suggested by Vilas et al. (1996) .
As Vilas et al. (1996) point out, if their identification of the 0.67-µm absorption in the spectrum of Iapetus is correct, a much stronger absorption should be present between 0.75 and 0.95 µm, arising from the 6 A 1 → 4 T 1 (G) Fe 3+ transition that involves the same ground state (Adams 1975, Hunt and Ashley 1979) . Inspection of Figs. 2 and 6 show no evidence of this feature in the spectrum of Iapetus. We have looked without success for other indications of iron minerals at longer wavelengths. We conclude that:
C. There is no consistent evidence for the presence of iron minerals in the dark material in Iapetus. The structure in the redward slope of the visible spectrum described by Vilas et al. (1996) , including the 0.67-µm absorption, invites additional observations that should be extended to 1.00 µm. The 0.67-µm feature may be the result of an as yet unidentified absorber.
ANALYSIS OF THE DARK SIDE SPECTRUM-A NEW PERSPECTIVE
Having said what is not indicated by the new spectral data presented here, we now attempt to interpret these results with our own models. The keen edge of Occam's razor urges us to use the minimum number of components that will provide a fit to the spectrum, with each component being as simple and welldefined as possible. In practice, we have found that we can fit the entire 0.3-to 3.8-µm spectrum of the leading hemisphere (excluding the 0.67-µm feature) with just three components: water ice, a dark, spectroscopically neutral component (we use amorphous carbon), and a reddish, nitrogen-rich compound with very specific properties in the 2.8-to 3.8-µm region (we use Triton tholin, Khare et al. 1994b) .
We arrived at this mixture by trying to satisfy the following observational constraints:
1. The low albedo. 2. The red slope from 0.3 to 1.5 µm. 3. The shapes and depths of the ice absorptions at 1.5 and 2.0 µm. 4. The shape and depth of the 3.0-µm absorption.
Carbon and Water Ice
Amorphous carbon nicely accounts for the first observational constraint. It is a stand-in for any suitably dark substance that is spectrally neutral over the observed wavelength range. Note that this neutrality means that carbon alone cannot satisfy the other constraints.
Amorphous or poorly graphitized carbon is the most abundant carbon-rich material in interplanetary dust particles (IDPs) (Thomas et al. 1993 , Keller et al. 1994 . Carbon particles are also found in the interstellar medium (for reviews see van Dishoeck et al. 1993 and Whittet and Tielens 1997) . Carbon grains were identified as carrying 8 to 10% of the total solid carbon in Halley's comet (Fomenkova 1997) . Electron, ion, and UV irradiation of hydrocarbon compounds at low temperatures also produces a "carbonization" of this material that darkens and reddens it in the process (e.g., Thompson et al. 1987 , Strazzulla 1997 , Allamandola et al. 1988 ). We do not have optical constants for all of these materials so we are forced to restrict our neutral, dark component to amorphous carbon.
There is no doubt that the component principally responsible for the 3.0-µm absorption (Constraint No. 4) is water ice. This
FIG. 7.
Model spectra for intimate mixtures of amorphous carbon with H 2 O ice, both in grains of 6.3-µm size, compared with the spectrum of the low-albedo hemisphere of Iapetus. Note the poor fit from 3.1 to 3.6 µm, and the high reflectance at short wavelengths. The optical constants for H 2 O ice at 100 K are from Hudgins et al. (1993) .
is demonstrated in Fig. 7 , which shows model spectra computed for varying proportions of ice and amorphous carbon. With sufficient ice to match the well-known 1.5-and 2.0-µm features (Constraint No. 3), the models produce an absorption at 3 µm whose depth matches that of the feature in the dark side spectrum. However, if ice and carbon are the only components, they produce a feature that is much too broad, with too much absorption at 3.3 µm, and which gives an albedo in the 0.3-to 1.5-µm region that is too high (Fig. 7) . Increasing the grain size of the ice incrementally from 6.3 to 150 µm makes the fit for λ > 3.3 µm even worse. We have therefore maintained the 6.3-µm grain size, which is close to the smallest value compatible with the Hapke theory at these wavelengths. (A grain size closer to the wavelength would violate the boundary conditions of the theory.)
Organic Compounds
We need an additional component that is more reflective than ice from 3.3 to 3.5 µm. It would obviously be helpful if this same component could produce the observed red slope in the visible light spectrum (Constraint No. 2). Silicates and organics are both possible candidates, but as silicates are not sufficiently red (e.g., Adams 1975 , Clark et al. 1993 , we have turned to organic compounds. Some organic compounds in IDPs survive atmospheric entry to Earth, and we similarly expect some organic material to survive emplacement (or exposure) on Iapetus. Here there is a huge variety of compounds to work with, but the interplay between Constraints 2 and 4 rapidly narrows the field. For example, we have seen that while poly-HCN can satisfy No. 2, it fails with No. 4.
To find an alternative to poly-HCN, we seek an organic compound that is likely to be present and whose optical properties have been determined. The latter creates a major limitation on Khare et al. (1990) any effort to match an astronomical spectrum with one or more organic compounds: As in the case of carbon, our investigation of alternatives is unfortunately limited to substances for which the optical constants are known (Table II) . Among these substances are various extracts from carbonaceous meteorites and several so-called "tholins," the solid products of coronal discharges through mixtures of different gases. We have examined Titan tholin, made from a 90 : 10 mixture of N 2 : CH 4 gases, simulating the present atmosphere of Titan (Thompson et al. 1991) ; Triton tholin, from a 99.9 : 0.1 mixture of N 2 : CH 4 gases, simulating the present atmosphere of Triton (Thompson et al. 1989) ; and ice tholin, produced by charged particle irradiation of a 1 : 6 mixture of solid C 2 H 6 : H 2 O at 77 K (Khare et al. 1993) . We have also considered a kerogen, which is a waxy complex organic material, biologically derived, that is found in terrestrial sediments (Khare et al. 1990 ). Kerogen-like solids are found in meteorites and there has been an astronomical tradition to use kerogens as a "stand-in" for the dark, reddish presumably organic materials found on dark objects in the outer solar system (Khare et al. 1990 ). However, meteoriticists prefer the term macromolecular carbon to refer to the insoluble organic residue that is left after prolonged treatment of carbonaceous chondrites with various solvents, including acids (Cronin et al. 1988) . Given its biological origin, kerogen is obviously not a realistic substitute for meteoritic material, so we have also examined the Murchison extract previously referred to in Section 3.1. We found that of these five organic compounds, only Triton tholin provides the necessary reflectivity at 3.4 µm to counteract the deep absorption of amorphous carbon and H 2 O ice and satisfy Constraint No. 4. The reason for this success lies with the elemental composition of Triton tholin, which exhibits a ratio of nitrogen to carbon N/C = 1.33, compared with 0.67 in Titan tholin (McDonald et al. 1994) . For comparison, it is useful to note that the solar value of N/C = 0.33 (Anders and Grevesse 1989) while in C1 carbonaceous chondrites, N/C = 0.1 (Vdovykin and Moore, 1975; Moore 1975) , and in comets N/C = 0.05 (Geiss 1988) . In the macromolecular carbon compounds in carbonaceous chondrites N/C < 0.03 (Cronin et al. 1988 ). Of 123 molecules found so far in the gas phase in interstellar clouds (L. E. Snyder, private communication) only one, NH 2 CH, contains more N than C. Evidently, this surplus of nitrogen is rare in non-biological organic compounds, whereas it is not uncommon in terrestrial biochemistry (N/C = 2 in urea, for example). The high N/C ratio produces marked effects on the spectrum of Triton tholin.
The near-IR spectrum of Titan tholin contains a strong, broad, double-peaked absorption with maxima at 3.02 and 3.13 µm. These two bands were interpreted by McDonald et al. (1994) as N-H stretching features, probably arising from amino (NH 2 ) groups. The near-IR spectrum of Triton tholin is clearly different. A single, intense absorption occurs at 2.92 µm, and this is again assigned to the N-H stretching vibration (McDonald et al. 1994) , but in this case, it may be caused by -NH rather than -NH 2 (Colthup et al. 1975) . These characteristics of the Triton tholin absorption provide the complementary features we need: adding Triton tholin to ice steepens the longward side of the H 2 O ice absorption at 3.5 µm, matching the feature observed in the spectrum of Iapetus, while Titan tholin produces too much absorption at 3.2-3.7 µm (Fig. 8) .
Unfortunately, the interpretation of the near IR laboratory spectra of these compounds is not sufficiently precise to enable us to identify the key differences in composition that lead to this result. Clearly it is the weakness of the 3.13-µm feature in the Triton tholin that produces the proper fit, and this appears to be the result of a difference in the relative importance of NH 2 and NH in determining the absorptions in this region. Ice tholin (Khare et al. 1993 ) has a strong, double-peaked absorption at 3.4 µm, which is caused by the C-H stretch in aliphatic compounds. This same feature appears in methane clathrate darkened by charged particle irradiation (Thompson et al. 1987) . It is not present in the spectrum of Triton tholin and it does not occur in the dark side spectrum of Iapetus .   FIG. 8 . A series of model spectra using an intimate mixture of H 2 O ice (T = 100 K, as in Fig. 7) , Titan tholin, and amorphous carbon; grain size, 6.3 µm. Note the excess absorption in the models at 3.3 µm compared with the Iapetus data.
FIG. 9.
The best fitting model to the composite Iapetus spectrum consists of an intimate mixture of 25% H 2 O ice (T = 100 K), 25% Triton tholin, and 50% amorphous carbon. The inset shows that the model (smooth line) fits the data of Bell et al. (1985) (open circles) and Vilas et al. (1996) (continuous line) about equally.
To summarize, the key spectral feature needed to satisfy Constraint No. 4 is a sharply peaked absorption near 2.9 µm, with significantly decreasing absorption at longer wavelengths. This requires the presence of a specific N-H stretch that we have only found in the material called Triton tholin, which contains N/C > 1, a rare proportion in astronomical organic compounds. The C-H bond absorption near 3.4 µm is absent from the Iapetus spectrum, thereby ruling out a host of dark, reddish organic compounds. Finally, Triton tholin also produces the correct red slope at shorter wavelengths that is required to satisfy Constraint No. 2. Now we can introduce a fifth constraint to fine tune the models: the turning down of the albedo at 3.8 µm caused by ice absorption and the steep slope at 3.3 µm from the Triton tholin allow us to adjust the relative abundances of ice and tholin in our mixture. The best fit using our three components is shown in Fig. 9. 
Contributions from the Icy Poles
All of the models we have described so far represent intimate mixtures, in which the particles of the different materials are adjacent to one another and an incoming solar photon interacts with all the materials before being scattered out of the surface. However, there is some segregated bright material contributing to the spectrum illustrated in Fig. 2 . The observations of the dark side of Iapetus-even when obtained at maximum eastern elongation-always include a contribution of bright side material at the satellite's poles. Lebofsky et al. (1982) estimated that the bright poles contributed about 10% of the total light producing their dark side spectrum.
To account for the spatial separation of dark and light material contributing to the spectrum illustrated in Fig. 2, we developed   FIG. 10 . Spatially segregated models (area mixes) to test for the effects of isolated regions of H 2 O ice on the low-albedo hemisphere of Iapetus. The Iapetus spectrum is shown here as a continuous line. The "mix" consists of 50% Triton tholin and 50% amorphous carbon, each with a grain size of 6.3 µm. The H 2 O ice grains are also 6.3 µm. a few models using spatial mixtures of our selected components. Suppose the ice absorption in our spectrum is actually contributed by the polar caps, not by ice mixed with dark material. To test this possibility, we tried combining an intimate mixture of Triton tholin and amorphous carbon with spatially separated, pure H 2 O ice. The resulting models fail to fit both the weaker 1.5-and 2.0-µm features and the 3.0-µm absorption to differing degrees, depending on the proportions. For example, as shown in Fig. 10 , when 30% H 2 O ice is spatially mixed with the intimate mixture of Triton tholin and amorphous carbon, the model feature at 3 µm is too triangular in shape, the overall geometric albedo is too high, and the weaker H 2 O features are too   FIG. 11 . Three additional models of the spectrum of Titan in which all three components are spatially segregated from one another. W, H 2 0 ice; TT, Triton tholin; AC, amorphous carbon. The particle sizes are given in parentheses.
FIG. 12.
A model spectrum in which a 2% contribution from pure H 2 O ice is added to the best-fitting mixture for the low-albedo material given in Fig. 9. strong. Decreasing the H 2 O component improves the fit for the weaker features but still fails to match the 3-µm absorption and produces a geometric albedo that is too low at λ ≤ 2.5 µm.
We then attempted to fit models in which all three components were spatially segregated from one another. Three of these models are shown in Fig. 11 . Once again, it is impossible to fit the reddending in the visible, the strengths of the three ice bands, and the albedo at 2.5 µm simultaneously.
This exercise substantiates the conclusion of Lebofsky et al. (1982) that the 3-µm feature is produced by the dark side material; it is not the result of a contribution from bright side ice at the satellite's poles. To achieve a good fit at 3 µm, it is necessary to add H 2 O ice to the intimate mixture of carbon and Triton tholin, in the proportions originally deduced. We can then accommodate ∼2% of pure H 2 O ice at the poles, as shown in Fig. 12 .
This analysis also demonstrates that Bell et al. (1985) overcompensated in their removal of all traces of ice absorption from this spectrum. In fact, the intimate mixture that we have found as the best match to the 0.3-to 3.8-µm spectrum contains enough ice to fit the absorptions at 1.5 and 2.0 µm (Fig. 9) .
CONCLUSIONS
While we have successfully matched a span from 0.3 to 3.8 µm of the low-albedo hemisphere spectrum with an intimate mixture of only three components, we cannot claim to have a unique fit. As always in such endeavors, we thirst for more wavelengths and more optical constants. Our first project is to complete the "L" window spectrum, recording 3.8-4.15 µm. This will provide further finesse for balancing the effects of Triton tholin against those of ice in our model spectrum. The data we have are inconclusive on this point, indicating a steeper slope just beyond 3.6 µm than the model provides (Fig. 13) .
The next step is to explore the 5-µm window, which offers a new discriminant. The laboratory spectrum of Triton tholin shows no evidence of the -C≡N absorption near 4.6 µm associated with nitriles (-C≡N) or isonitriles (-N≡C) (Bernstein et al. 1997) , whereas HCN polymer and Titan tholin both do (McDonald et al. 1994 , Cruikshank et al. 1991 , Khare et al. 1994a . The absence of this feature in the Iapetus spectrum would strengthen the case for an organic compound that is highly enriched in nitrogen, because if the 3.0-µm band is due to an N-H component and the C-N component at 4.6 µm is absent, then the ratio of N/C is greater. Both tholins exhibit strong absorptions beginning at 6 µm, which again are very different. Titan tholin produces two absorption maxima at 1650 cm −1 (6.06 µm) and 1560 cm −1 (6.41 µm), probably caused by the C= =C vibration, whereas Triton tholin has a single feature at 1636 (6.11 µm) cm −1 (McDonald et al. 1994) . Observations of these wavelengths are not possible from Earth, but they fall within the range of the CIRS instrument on the Cassini orbiter. This region of the spectrum will also allow a search for products from the irradiation of CO 2 and H 2 O (Moore et al. 1991 , Strazzulla 1997 . The VIMS instrument on Cassini will fill in the gaps at 2.7 µm and 4.3 µm in Earth-based spectra, allowing a search for the strong CO 2 bands that occur in these two intervals. In Fig. 13 we show the differences between our model and the WilsonSagan (1996) model in the 3-to 5-µm range, which VIMS will be able to record. Evidently we can expect considerable additional insight into the nature of the Iapetus dark material when the Cassini Mission reaches Saturn in 2004.
FIG. 13.
The best model of the low-albedo hemisphere of Iapetus presented in this article is shown with an extension to 5.5-µm wavelength in the upper panel. The "angularity" of the model results from the wide spacing of the wavelength sampling of the optical constants used in the calculations. In fact, the -C≡N fundamental absorption near 4.6 µm in the lower panel is quite sharp (McDonald et al. 1994 , Khare et al. 1994b ). This will be of use as new data at longer wavelengths become available, either from ground-based observations or from the visible and infrared mapping spectrometer (VIMS) on the Cassini spacecraft. For comparison, the lower panel shows our best re-computation of the preferred model by Wilson and Sagan (1995) . For the latter, we show a version of the new data in which we have used a linear mixing model to correct for 10% contamination of the spectrum by the high-albedo hemisphere material (H 2 O ice) as assumed by Wilson and Sagan (1996) .
Meanwhile, it is important to return to the visible spectrum with higher resolution and signal precision to investigate the 0.67-µm feature discovered by Vilas et al. (1996) as well as the other structures these authors reported in this part of the spectrum. We need this study not only for Iapetus, but also for Hyperion and Phoebe (see Jarvis et al. 2000) , to continue the exploration of possible linkages among these satellites.
What did cause this dark material to appear on Iapetus, and does it occur on other objects? What is its source, and how did it obtain such a high proportion of nitrogen? We can pursue these questions by investigating the 2.85-to 4.15-µm spectrum of other dark objects, to see how similar their spectra are to Fig. 2 . We can already report that there is no evidence of Iapetus dark material in the rings of Saturn (Puetter and Russell 1977) , on the surfaces of the Galilean satellites of Jupiter (McCord et al. 1999) , or on 624 Hektor, the largest Trojan asteroid (Cruikshank et al., in preparation) . We also know that the red slope of the visible spectrum of the Iapetus dark side sets it apart from all except the reddest D asteroids (Fig. 3) . It is significantly different from the reflectivity of the surface of Phoebe, which has a flatter spectrum in the visible (Tholen and Zellner 1983) . Hyperion, however, circling Saturn just inside the orbit of Iapetus, exhibits a similar reddish slope at short wavelengths, although its ice absorptions are more pronounced in the 1-to 2.5-µm region (Tholen and Zellner 1983, Cruikshank et al., in preparation) . Perhaps Hyperion has a thinner coating of the dark material that is present on the leading hemisphere of Iapetus (Matthews 1992, Banaszkiewicz and Kirov 1997) . We need to record the 2.85-to 4.15-µm region of this satellite's spectrum to know. We do support the idea that the dark material is a coating rather than a lag deposit produced by abrasion and evaporation of surface ice. This latter process would surely come into play with the formation of impact craters on Iapetus, and there are no reports of dark ejecta blankets in the bright hemisphere (Squyres et al. 1984, Buratti and Mosher 1995) .
We close with a somewhat daring hypothesis that we think is worthy of Eddington's Icarus (see front of issue). We point out that Iapetus happens to be quite near an object that has been producing dark, nitrogen-rich organic material through atmospheric photochemistry for 4.5 GY, viz. Titan. While today CH 4 constitutes a few percentages of Titan's atmosphere, the discovery that Titan's nitrogen is highly fractionated (Marten et al. 1997, R. Meier, T. Owen, H. E. Matthews, A. Marten, and D. Gautier, 1997, unpublished JCMT Observations) suggests that early epochs may well have included times of ∼0.1% CH 4 , especially in the photochemically vulnerable stratosphere. The key point here is that we need an environment with N 2 /CH 4 Solar N/C to produce the organic material that fits Constraints 2 and 4. A nitrogen-rich atmosphere is certainly an obvious candidate for such an environment. (Are there others?) Could an impact on Titan spray a surface layer of accumulated organic aerosols into trans-Saturnian space, there to be swept up by Hyperion and Iapetus? Could Hyperion itself be a relic of this impact event? If such a catastrophe really happened, we would expect some of this dark material to move inward from Titan as well, where it should now underlie the icy frost on the inner satellites, covered by ice particles continually accreted from the E-ring. Perhaps we see signs of this dark material in the surprisingly low short wavelength albedos of these objects (Cruikshank et al., in preparation) .
What a violent history the Saturn system seems to show us! Icy fragments abound in the form of "Trojan" satellites and ring moons. The low densities of Mimas and Enceladus suggest that these objects may also be daughters of one or more collisions. Clearly the Cassini mission will make many new discoveries in this fascinating place! APPENDIX I Note on the Scaling to Albedo 0.08 at 0.55 µm The disk-averaged geometric albedo, p V , of the leading hemisphere of Iapetus (seen from Earth at the satellite's eastern elongation) can be calculated from the brightness at 0.55 µm (the V photometric band), expressed in stellar magnitudes, and denoted by V, from V = V O − 2.5 log p V − 5 log r + 5 log(R D), where V O is the magnitude of the Sun (taken as −26.75), r is the satellite's radius (720 km, or 4.813 × 10 −6 AU), R and D are the heliocentric and geocentric distances (in AU), respectively. A correction for the solar phase angle (alpha) of 0.039 mag/degree can be applied to correct the V magnitude to zero phase angle; this factor has been derived for asteroids of low albedo in the absence of a strong opposition brightness surge.
The V magnitude of Iapetus for 4 March 1979 at 1100 UT, just 4.4 h before maximum eastern elongation, was given by Cruikshank et al. (1983) as 12.02 (±0.005) at R = 9.329 AU, D = 8.339 AU, and alpha = 0.34 • , from which p V = 0.083 (+0.008 − 0.004). We have adopted p V = 0.08, similar to the value derived by Squyres et al. (1984) .
APPENDIX II
Duplicating the Wilson-Sagan (1995) Model Spectrum
We have calculated the Wilson and Sagan model using the sum of the optical constants that they show (heavy line in their Fig. 4 ), but the resulting spectrum does not fit the data in the way that they show in their Fig. 2 . To produce this spectrum, we relied on Hapke's (1993, and references therein) treatment of the interaction of light with particulate matter on the surfaces of solid bodies, following the procedures reviewed by Roush (1994) and by Cruikshank et al. (1998b) . Typical input parameters for each component in a mixture include the optical constants, grain size, and relative abundances. The optical constants for the materials used in this study are cited in Table II .
We then found that we could approximate the Wilson-Sagan model by making certain ad hoc adjustments to their combination of the optical constants of their components, followed by normalization to geometric albedo 0.08 at 0.55 µm, and this is the model spectrum we show in Figs. 4 and 13 of the present article. As this spectrum matches the observations out to 2.5 µm very well, we believe that the differences between their published model curve and our recomputation of it arise from uncertainties in the way in which the component optical constants were combined by the original authors, rather than from gross differences in the model computational technique. We note that Cruikshank et al. (1998a) reproduced the Wilson et al. (1994) model of 5145 Pholus using the same Hapke modeling code as used in the present article, thus suggesting that some factor other than the precise details of the code is causing the discrepancy in the recomputation of the Wilson and Sagan Iapetus model.
